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We show that in the Penning-ionizing collision

He{2 8,) +X-He(l'80) + (X') ++e

the precession of the He~ spin at its Larmor frequency forces the J polarization of the
Penning ion to rotate at the same frequency but shifted in phase. The tangent of the phase
shift is proportional to the lifetime of the ionic state and presents a unique method for
measuring excited-ion lifetixnes.

The use of electromagnetic excitation to gener-
ate ensembles of atoms and ions in coherent
states is a well-established phenomenon. ' The
coherent excitation of the system manifests itself
in the Hanle effect, level crossing phenomena,
and the modulation of emitted radiation. It has
recently been demonstrated that coherent states
can also be excited in collisions of the second
kind, ' spin-exchange collisions, ' ' and Penning-
ionizing collisions. It has been suggested that
the latter effect mill permit the application of co-
herence spectroscopy to states in inconvenient
regions of the spectrum.

In this paper we examine the properties of the
coherent states of an ion formed in a Penning-
ionizing collision,

ment of Schearer and Riseberg. 6

%e use the density matx'ix formalism to obtain
the conditions under which the coherence is trans-
ferred to the ion and show that the induced co-
herence may be used to determine the lifetimes
of excited states of the ions, particularly those
which cRnnot be optlcaBy excited- To simplify
the discussion we limit it to the IL, ~ multiplets
of the ion. Conservation of the spin angular mo-
mentum in the reaction transfers the coherence
of the helium metastable atoms to the ions whose
tx'Rnsvex'se component of magnetization precesses
at the I armor frequency of the helium metastable
state.

The state of the helium metastable atom is giv-
en by the density operator

He(2'S, )+X -He(I' S,)+ (X')*+s,

between a polarized helium metastable atom and
an unpolarized atom X. If the He(2sS, ) atoms are
prepaxed initially in a coherent superposition of
their eigenstates by optical pumping, conservation
of spin angular momentum in the Penning reac-
tion induces coherence in the excited states of
the ion. This coherence appears as a modulation
of the light emitted by (A"')* at the Larmor fre-
quency of the He atoms as shown by the experi-

A

C, , =C, , , P,.C,, = I, and 0 is the spin operator
for the "oth electron. " f(t) is the average value
of the J angular momentum at time E. Since the
atom X is unpolarized, the initial polarization of
the ion is determined entirely by the polarization
of the helium metastable atom. The electron
emitted in the collision comes from the helium.
%e then apply the spin conservation rule to the
remaining electrons and obtain the initial density
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operator

p ~~" = A ~([1+25(t, ) 0] /(2 J + 1)jA~)

(L+-,') (2L S+-,')
2Z, + j

(3)

for the ions formed in the 'L~ multiplet at time
to. A is the projection. operator for the 'Lz mul-
tiplet. We assume that the energy separation be-
tween the 'L, ~ multiplet and other multiplets of
the ion allows the neglect of those terms in the
density operator coupling different multiplets.
The time evolution of the state of the ion is gov-
erned by the equation

8p, /at = - t[&,H(t) Z, p, ] —r,p, . (4)

p (t, t, ) = exp[- r (t —t,)]r

A common relaxation rate, I ~, has been taken
for all matrix elements of p~. This should be a
good approximation if the collisional relaxation
of the electronic polarization is unimportant. The
density operator satisfying the initial conditions
and the time evolution equation has the general
for m

t. The density operator for this system is

p, (t) =Z, r, 'A, [1+2m, 'P, (t) S]A,/
(2J+ 1),

where R~ is the rate of formation of ions in the
'L~ multiplet and

P, (t) = 1"
~f exp[ —1'(t —t,)]P(t, t,)dto. (1O)

S,(t) = iS,(t),
S,(t) = yS, exp (iso,t),
S.(t) =S.-

The J or total electronic polarization of those
ions in the ~I.~ multiplets at time t is obtained
from

This density operator is normalized to the num-
ber of ions in the l.~ multiplet. The average or-
bital angular momentum for this system is P(t),
while the average spin angular momentum is giv-
en by Eq. (8) with P(t, t, ) replaced by P(t). The
polarization of the radiation emitted in any direc-
tion is determined by the L of the final multiplet,
P(t), and conservation of angular momentum.

When the helium metastable system is prepared
as described, its polarization satisfies the rela-
tionships

with

x [1+2@„'P(t,t, ) S]A /(2J+1), (5)

L(2I.+3)/3(2L+1), &=L+
—(L+ 1)(2L —1)/3(2L+ 1), J= L —p. (6)

P, (t) = iP, (t),
t), (t) = a~aS, cosy exp[i(~,t+ y)],
0,(t) = o,S.,

with

P(t)to)/2L) J=L+2,
P(t, to)/(2L+ 1), —J= L —2. (8)

The ions are formed and decay in the observa-
tion region. The observed ensemble at time t
consists, therefore, of all ions in the 'L~ multi-
plet at that time, i.e. , the sum of the above re-
stricted ensembles for all times t, prior to time

The density operator has been normalized such
that Tr[p„(t, t,)] (see the Appendix for pertinent
traces) is the fraction of ions formed in the 'L~
multiplet at time t, which have not decayed by
time t. The time evolution of the parameter
P(t, to) is governed by

(dP (t, t, )/dt =y,H(t) XP(t, t,).

We have chosen the parameters such that P(t, t,)
is the average value of the orbital angular mo-
mentum at time t of those ions formed at time
t, . The average value of the spin angular momen-
tum of these ions at time t is

tany = (g~ —2) p~H7~, (13)

I, =—', ~ o.,~,S,cosy exp[i(&u, t+y)]. (14)

The light emitted by the ion is modulated at the
angular frequency of the helium metastable state,
but shifted in phase. Our results are in agree-
ment with Schearer and Riseberg's observation
of the modulation of the intensity at the frequency
GOO.

To determine the lifetime of the ion, the phase

p. B is the Bohr magneton, g~ is the Lande factor
for the particular multiplet, and 7~ is the radia-
tive lifetime. The time dependence of the polar-
ization is given by the angular frequency of the
helium metastable state.

In the experiment performed by Schearer and
Riseberg, ' the radiation emitted perpendicular
to H(t), in the transition from the O'P, &, to the
5 Sy /2 level s of strontium ions, was observed.
From the preceding results one can show that the
intensity of this radiation is given by

532
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shift y between the transverse polarizati&ns of
the helium metastable state and of the excited
ionic state is measured as a function of the ap-
plied static field. Equation (13) is then used to
extract the lifetime T~ of the ionic state.

If the transverse polarization of the helium
metastable atoms were stationary, the predicted
effect would be the spin analog of the Hanle ef-
fect.v Thus, we can view the system described
here as the equivalent of the Hanle effect in a ref-
erence frame rotating at the precession frequen-
cy of the helium metastable atoms.

Although the analysis of systems not satisfying
the conditions imposed in this paper could be
more difficult, we expect that the general proper-
ties and, in particular, the transfer of electronic
polarization observed in the example would not
differ substantially from those obtained here.
Considering the example, we feel that Penning-
ionizing collisions will prove to be an important
tool in the area of ion spectroscopy.

APPenChx. —In carrying out the calculations, a
number of traces over products of spin and or-
bital angular momentum operators are encoun-
tered. It is convenient to use eigenstates of spin
and orbital angular momentum rather than total

angular momentum. In this case the pertinent
traces decompose into products of a trace over
spin states and a trace over orbital angular mo-
mentum states. The traces of particular interest
are

Tr, L,. =0, Tr, 1=2l+1,
T.r,L,.L,. = 3 6, , l (f + 1)(2l + 1),
Tr,L,LqL„= 6 ie„.~ l(l+ 1)(2l+ 1),

where l=-,' (L, =S,) for the spin states and L=L
for the orbital angular momentum states.
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By means of low-energy cross-section measurements on Hes-He~, we derive an inter-
atomic potential which has a minimum 3.4' deeper than that of He -He . We demonstrate
that the difference in the potentials is significant. The atomic-mass polarization effect
is proposed as a possible explanation for the different potentials.

Recently, the He4-He4 atomic interaction has
been determined very accurately by means of
scattering measurements. " It is now possible
to observe mass-dependent effects in the poten-
tial, which hitherto have not been included in
theoretical calculations and have not been pre-
dicted. Furthermore, the helium system is es-
pecially interesting because of the effects of quan-
tum statistics (He' is a boson with spin 0, and
He' is a fermion with spin 2). The cross section
as a function of velocity shows an undulation
structure due to the statistics, and the functional
dependence of the cross section versus velocity

is completely different for the two systems even
for identical interaction potentials. Figure 1
shows the theoretical total scattering cross sec-
tions Q(g) for He'-He' and He'-He' calculated
from potentials explained below, with application
of the proper particle statistics and mass.

In this Letter we present the results of mea-
surements of the system He'-He'. We have al-
ready reported measurements of the system He4-
He' (Ref. 1); a description of the apparatus and
the evaluation procedure will be found there.
Figure 2 shows a part of the He4-He4 measure-
ments along with the results of the measurements


